We investigate the effect on the Hawking radiation given off during the time of collapse of a Reisner-Nordström domain wall. Using the functional Schrödinger formalism we are able to probe the time-dependent regime, which is out of the reach of the standard approximations like the Bogolyubov method. We calculate the occupation number of particles for a scalar field and complex scalar field. We demonstrate that the particles from the scalar field are unaffected by the charge of the Reisner-Nordström domain wall, as is expected since the scalar field doesn't carry any charge, which would couple to the charge of the Reisner-Nordström domain wall. Here the situation effectively reduces to the uncharged case, a spherically symmetric domain wall. To take the charge into account, we consider the complex scalar field which represents charged particles and anti-particles. Here investigate two different cases, first the non-extremal case and second the extremal case. In the non-extremal case we demonstrate that when the particle (anti-particle) carries charge opposite to that of the domain wall, the occupation number becomes suppressed during late times of the collapse. Therefore the dominate occupation number is when the particle (anti-particle) carries the same charge as the domain wall, as expected due to the Coulomb potential carried by the domain walls. In the extremal case we demonstrate that as time increases the temperature of the radiation decreases until when the domain wall reaches the horizon and the temperature then goes to zero. This is in agreement with the Hawking temperature for charged black holes.
I. INTRODUCTION
An important question in theoretical physics is that of quantum radiation from collapsing objects. An asymptotic observer, watching gravitational collapse of a massive object, will start registering radiation of quanta coming from the fields excited by the non-trivial metric of the background space-time. As time progresses, the radiation exhibits more and more thermal features, till finally when the horizon is formed the radiation becomes completely thermal. This is in agreement with the fact that the radiation from a pre-existing black hole must be thermal, as originally shown by Hawking, see Ref. [1] .
The typical method for describing the induced radiation of the collapsing object is to use the Bogolyubov method. Here, one considers that the system starts in an asymptotically flat metric, then the system is allowed to evolve to a new asymptotically flat metric. By matching the coefficients between the two asymptotically flat spaces at the beginning and end of the gravitational collapse, the mismatch of these two vacua gives the number of particles produced during the collapse. Hence, what happens in between is beyond the scope of the Bogolyubov method. Therefore the time-evolution of the thermodynamic properties of the collapse cannot be investigated in the context of the Bogolyubov method.
Recently much work has been done with exploring the time-dependent aspects of the induced radiation due to gravitational collapse, see for example Refs. [6, 7] . So far, however, these investigations have only included gravitational collapse of massive objects. However, as suggested by the second law of black hole thermodynamics, collapsing objects can contain other observable quantities, such as charge and angular momentum. An important question is, what happens when we introduce these (or a subset of these) additional variables into the mix? Here we investigate the Hawking radiation a charged massive object in the form of a Reisner-Nordström domain wall. Here the question is, how does the charge effect the timedevelopment of the induced radiation?
To investigate this question, we shall use the socalled Functional Schrödinger formalism (see for example Refs. [3, 6, 7] ). In general, the Functional Schrödinger formalism yields a functional differential equation for the wavefunctional, Ψ[g µν , X µ , Φ, O], where g µν is the metric, X µ the position of the object, Φ is a scalar field and O denotes all the observer's degrees of freedom. Since the Functional Schrödinger formalism depends on the observer's degrees of freedom, one can introduce the "observer" time into the quantum mechanical processes in the form of the Schrödinger equation. The wavefunctional is then dependent on the chosen observer's time, hence one can view the quantum mechanical processes of a given system under any choice of space-time foliation. One benefit of this formalism is that one can solve the time-dependent wavefunctional equation exactly using the invariant operator method, in particular in the present paper. Here we study the propagation of induced radiation, represented as a scalar field and complex scalar field in the background of gravitational collapse, which is governed by the harmonic oscillator equation with a timedependent frequency. We solve the equations of motion to find the time-dependent wavefunctional for the system. One can then define the occupation number of the induced radiation using the wavefunctional, which is the gaussian overlap between the initial vacuum state and the wavefunction at any given later time. By taking the occupation number to be of the form of the Planck distribution, we can then define β which is also time-dependent and fit the temperature of the collapsing object.
In this paper we will investigate the collapse of a charged spherically symmetric infinitely thin domain wall (representing a shell of matter). The details about the collapse will depend on the particular foliation of spacetime used to study the system. In this paper we are concerned with the Cosmological view point of the induced radiation during the gravitational collapse, therefore, we adopt the view point of an outside asymptotic observer. Thus, we study the collapse of the domain wall from the view point of a stationary asymptotic observer.
II. SET UP
We consider a charged spherical domain wall representing a spherical shell of collapsing matter and charge. The wall is described by only the radial degree of freedom, R(t). The metric is taken to be the solution of Einstein equations for a spherical domain wall with charge. The metric is Schwarzschild outside the wall, as follows from spherical symmetry
where M is the mass of the wall, Q is the charge of the wall, and
In the interior of the spherical domain wall, the line element is flat, as expected by Birkhoff's theorem,
The equation of the wall is r = R(t). The interior time coordinate, T , is related to the asymptotic observer time coordinate, t, via the proper time of an observer moving with the shell, τ . The relations are
and
where
Upon taking the ratio of Eq.(4) and Eq.(5) one finds
where a dot refers to the derivative with respect to the asymptotic observer time t.
By integrating the equations of motion for the spherical domain wall, it was shown in Ref. [2] that the mass is a constant of motion and is given by
where R τ = dR/dτ , while σ is the surface tension (energy density per unit area) of the wall.
III. RADIATION, SEMI-CLASSICAL TREATMENT
Here we consider the radiation given off during gravitational collapse. We will do this for two different cases. First, we will investigate the radiation by coupling a scalar field to the background of the collapsing shell. Second, we will investigate the radiation by coupling a complex (i.e. charged) scalar field to the background of the collapsing shell.
A. Scalar Field
To investigate the radiation, we consider a scalar field Φ in the background of the collapsing shell. The scalar field is decomposed into a complete set of basis functions denoted by {u
The exact form of the functions u k (r) will not be important for us. We will, however, be interested in the wavefunction for the mode coefficients {a k }. The Hamiltonian for the scalar field modes is found by inserting Eq.(9), Eq.(1) and Eq.(3) into the action
Since the metric inside and outside the shell have different forms, we split the action into two parts
whereṪ = dT /dt is given in Eq. (7) . Using the results in Ref. [3] , one finds that in the non-extremal case (i.e. when the square root in Eq. (8) is zero) the velocity of the shell, in respect to the asymptotic observer, is given byṘ
where h = H/4πµ, where H is the Hamiltonian of the system (which is a constant of motion), and
Using Eq. (7) and Eq.(14), gives thatṪ can be rewritten asṪ
If we define the horizons as
we can then see that as R → R ± , f → 0. From Eq. (16) we see that as R → R ± ,Ṫ ∼ f → 0. Therefore the kinetic term in S in diverges as (R − R ± ) −1 in this limit and dominates over the softer logarithmically divergent contribution to the kinetic term from S out . Similarly the gradient term in S in vanishes in this limit and is sub-dominant compared to the contribution coming from S out . Hence the action becomes
where we have changed the limits of integrations to R + since we are asymptotic observers working in the regime R(t) ∼ R + . Now, we use the expansion in modes in Eq.(9) to write
where M and N are matrices that are independent of R(t) and are given by
Using the standard quantization procedure, the wavefunction ψ(a k , t) satisfies
is the momentum operator conjugate to a k . So the problem of radiation from the collapsing domain wall is equivalent to the problem of an infinite set of coupled harmonic oscillators whose masses go to infinity with time. Since the matrices M and N are symmetric and real (i.e. Hermitian), it is possible to do a principal axis transformation to simultaneously diagonalize M and N, see Ref. [4] . Then for a single eigenmode, the Schrödinger equation takes the form −f 1 2m
where m and K denote the eigenvalues of M and N, and b is the eigenmode. We re-write Eq.(24) in the standard form
We have chosen to set η(t = 0) = 0.
To proceed further, we need to choose the background spacetime, i.e. the behavior of R(t). It was shown in Ref. [3] that the classical solution for the ReisnerNordström domain wall in the non-extremal case is given by
where R + , which is given in Eq.(17), is the outer radius and
Eq.(28) tells us that
−f−t/R+ at late times. We are mostly interested in the particle production during this period.
The spacetime is static at early times and the initial vacuum state for the modes is the simple harmonic oscillator ground state,
Then the exact solution to Eq.(25) at later times is, see Ref. [5] ,
(31) where ρ η denotes the derivative of ρ(η) with respect to η, and ρ is the real solution to the ordinary (though nonlinear) auxillary equation
with initial conditions
The phase α is given by
Consider an observer with detectors that are designed to register particles of different frequencies for the free field φ at early times. Such an observer will interpret the wavefunction of a given mode b at late times in terms of simple harmonic oscillator states, {ϕ n }, at the final frequencyω. The number of quanta in eigenmode b can be evaluated by decomposing the wavefunction in Eq.(31) in terms of the states, {ϕ n }, and by evaluating the occupation number of that mode. To implement this evaluation, we start by writing the wavefunction for a given mode at time t > t f in terms of the simple harmonic oscillator basis at t = 0. This is given by
which is an overlap of a Gaussian with the simple harmonic oscillator basis functions. The occupation number at eigenfrequencyω (i.e. in the eigenmode b) by the time t > t f , is given by the expectation value
The occupation number in the eigenmode b is then given by (see Appendix B)
Here we will consider only the situation when (GM ) 2 > Q 2 , since the case where Q 2 > (GM ) 2 is not as important for the study of Hawking radiation. This is because in the case when Q 2 > (GM ) 2 , this represents and oscillating system (due to the repulsive Coulomb potential) and a black hole is never formed, see Ref. [3] . This occurs since the exponential in Eq.(28) has an imaginary term, which causes the oscillation of the domain wall. In the case (GM ) 2 > Q 2 we have gravitational collapse and the domain wall will collapse to form a black hole. Here we consider when the charge is large, close to that of (GM ). As discussed in Ref. [3] , when (GM ) 2 >> Q 2 , f reduces to B, which is given by
This is the case studied in Ref. [6] from the view point of the asymptotic observer and in Ref. [7] from the view point of the infalling observer (one who is falling in with the shell). By calculatingṄ , it can be checked that N remains constant for t < 0 and also t > t f . Hence all the particle production occurs for 0 ≥ t ≥ t f . There is a possibility that the particle production is due to discontinuities in the derivative of R at t = 0, t f . However, as we shall see below, the particle number grows with increasing t f , while the discontinuity at t = 0 is fixed, and that at t = t f gets weaker. This indicates that particle production occurs only during 0 < t < t f and is a consequence of the gravitational collapse. Now we can take the t f → ∞ limit. In Appendix A we have shown that ρ remains finite but ρ η → −∞ as t > t f → ∞, provided ω 0 = 0. However, we are interested in the behavior of N for fixed frequency,ω. Sinceω = ω 0 e f−t/2R+ , t → ∞ also implies ω 0 → 0. From the discussion in Appendix A, we also know that ρ → ∞ as ω 0 → 0.
Therefore the occupation number at any frequency diverges in the infinite time limit when backreaction is not taken into account.
In Figure 1 we plot N versus tf − /R + for various fixed values ofωR + /f − . Here we chose that Q 2 = 0.4 2 (GM ) 2 . We see that the occupation number at any frequency diverges in the infinite time limit when backreaction is not taken into account.
We have also numerically evaluated the spectrum of mode occupation numbers at any finite time and show the results in Figure 2 for several different values of tf − /R + . We compare the curves in Figure 2 with the occupation numbers for the Planck distribution
where β is the inverse temperature. It is clear that the spectrum of occupation numbers is non-thermal. In particular there is no singularity in N at ω = 0 at finite time, there are oscillations in N . As tf − /R + → ∞, the peak at ω = 0 does diverge and the distribution becomes more and more thermal. Now from Eq.(25), since the time derivative of the wavefunction on the right-hand side is with respect to η, ω is the mode frequency with respect to η and not with respect to time t. Eq.(26) tells us that the frequency in t is 1 − 2GM/R + Q 2 /R 2 times the frequency in η, and at time t f , this implies
where the superscript (t) on ω refers to the fact that this frequency is with respect to t. This rescaling of the frequency implies that the temperature for the asymptotic observer (with time coordinate t) can be obtained by finding the "best fit temperature" β −1 and then rescaling by 1 − 2GM/R + Q 2 /R 2 . So the temperature seen by the asymptotic observer is
(The temperature T is not to be confused with the time coordinate within the spherical domain wall, also denoted by T .) We can fit the thermal spectrum to the collapsed spectrum of Figure 2 , as shown in Figure 3 to obtain the temperature of radiation. Here we see that the inverse temperature decreases as tf − /R + increase, meaning that the temperature increases over time. We thus see that in the context of the Schrödinger formalism there is evidence of Hawking-like, but nonthermal radiation emitted during gravitational collapse for the Reisner-Nordström domain wall before any event horizon is formed.
Here we make some general comments on the results of this section. Comparing the results from this section with those found in Ref. [6] , we see that the presence of the charge has qualitatively no effect when considering the radiation in the form of a neutral scalar particle. This is expected since the scalar field is only influenced by the gravity, not by the charge, since the scalar field itself has no charge. Therefore one would expect that there is no effect from the charge. There are, of course, minor quantitative difference due to differences in the background metric (Schwarzschild versus Reisner-Nordström), such as the surface gravity. However, for this analysis they are not important. If one wants to investigate the effect of the charge, one would need to consider a complex scalar field. This is done in the next section.
B. Complex Scalar Field
The above analysis is consistent with what one would expect when coupling a scalar field to the background of the Reisner-Nordström domain wall, since the scalar field has no charge. Therefore, it is advantageous to investigate the effect of adding charge to the scalar field and investigating the effect of the charge. This is done by considering a complex scalar field coupled to the background of the Reisner-Nordström domain wall. Thus the action in Eq.(10) becomes
is the covariant derivative, q is the charge of the field and A µ is the vector potential. The complex scalar field is again decomposed into a complete set of basis functions denoted by
Again, since the metric inside and outside the shell have different forms, we split the action into two parts
where S in and S out are given in Eq. (12) and Eq.(13), respectively, with the replacement of the covariant derivative in S out . However, from Ref. [8] , we can write the vector potential for the collapsing shell as
hence there is no radial component for the vector potential. Thus we can write D r → ∂ r in Eq.(49) and we can expand Eq.(13) as
Therefore the kinetic term in S in diverges as (R − R H )
in this limit and dominates over the softer logarithmically divergent contribution to the kinetic term from S out . Similarly, the potential term in S in vanishes in this limit and is sub-dominant compared to the contribution coming from S out . Also, if we assume that the charge of the induced radiation is small, we can then ignore the term in S out that is proportional to (qQ) 2 . Hence,
where we have changed the limits of integration to R + since we are working in the regime R(t) ∼ R + .
Here the mode coefficients satisfy the commutation relations
with all others being zero. To ensure this, we take the time derivative of the complex mode expansion, Eq.(45) to be
Now, we use the expansion in modes in Eq.(45) and corresponding derivative in Eq.(51) to write Eq.(49) as
where the matrices A, B, and C are matrices independent of R(t) and are given by
To investigate the action of the mode coefficients, we consider the Noether current. The corresponding Noether current is given by
Using the mode expansion in Eq.(45) and corresponding derivative in Eq.(51) we can write Eq.(56) as 
Hence we see that the a modes create particles with +q worth of charge, while the b modes create particles with −q worth of charge. Using the standard quantization condition, the wave-
are the momentum operators conjugate to a k and b k , respectively. To solve this we will assume that the wavefunction can be separated as,
Separating the Schrödinger equation then gives the two equations
where we used Eq.(60) in the second term of each equation. Since the two equations are only different by a negative sign in the linear term, we can then again use the principle axis theorem to simultaneously diagonalize the matrices A, B and C. This then leads to the expressions, written in standard form
where we used the fact that q is small and f → 0 as R → R + , and where c and d are the eigenmodes of a(t) and b(t), and m, y and K are the eigenvalues of the matrices A, B and C, respectively. To solve Eqs. (64) and (65), we use the ansatz for the c modes
similarly the ansatz for the d-modes
where we used the fact that q, Q, y and m are η independent. Therefore we can write Eqs. (64) and (65) as the usual harmonic oscillator equation given in by
where η and ω(η) are given by Eq.(26) and Eq.(27), respectively. The spacetime is static at early times and the initial vacuum state for the modes is the simple harmonic oscillator ground state,
Then the exact solution at later times is, see Ref. [5] ,
(71) where ρ is given by Eq.(32) with initial conditions given in Eq.(33) and the phase α is defined in Eq.(34), and a similar expression holds for the d modes.
Note, since the total wave function is given by ψ(c, d, t) = ψ(c, t)ψ(d, t), there is no effect due to the charge for the total wavefunction. Therefore the total occupation number is independent of the charge, hence the induced radiation reduces to the uncharged case. However, the occupation of each mode is dependent on the charge, due to the presence of the exponential term.
Analogous to the uncharged case, consider an observer with detectors that are designed to register particles of different frequencies for the free fields φ and φ * at early times. Such an observer will interpret the wavefunction of a given mode c and d at late times in terms of simple harmonic oscillator states, {ϕ n }, at the final frequencȳ ω. The number of quanta in eigenmode c and d can be evaluated by decomposing the wavefunctions in Eqs. (66) and (67) in terms of the states, {ϕ n }, and by evaluating the occupation number of that mode. To implement this evaluation, we start by writing the wavefunction for a given mode at time t > t f in terms of the simple harmonic oscillator basis at t = 0. This is given by
where 
(74) The occupation number in the eigenmode c is then given by (see Appendix C)
(75) and the occupation number in eigenmode d is then given by
(76) To analyze the complex scalar field case, we wish to investigate two different scenarios. The first being the non-extremal case. In the non-extremal case there are two horizons, however, as far as the asymptotic observer is concerned the important horizon is the outside horizon. The second is the extremal case. In this case, the two horizons collapse to form one horizon and the domain wall can be characterized by its charge alone.
Non-Extremal Case
Here we will analyze the induced radiation in the nonextremal case. As discussed in the previous section, here we will consider only the situation when (GM ) 2 > Q 2 . In Figures 4 and 5 we plot N versus tf − /R + for various fixed values ofωR + /f − . Here we chose that Q 2 = 0.4 2 (GM ) 2 and q = 0.2(GM ) for illustration purposes. We see that the occupation number for each mode at any frequency diverges in the infinite time limit when backreaction is not taken into account. We have also numerically evaluated the spectrum of mode occupation numbers at any finite time and show the results in Figures 6 and 7 for several different values of tf − /R + . We compare the curves in Figures 6 and 7 with the occupation numbers for the Planck distribution in Eq.(40), where again β is the inverse temperature. It is clear that the spectrum of occupation numbers is nonthermal. In particular there is no singularity in N at ω = 0 at finite time, there are oscillations in N . As tf − /R + → ∞, the peak at ω = 0 does diverge and the distribution becomes more and more thermal.
We can fit the thermal spectrum to the spectrum of Figures 6 and 7 , as shown in Figures 8 and 9 to obtain the temperatures of radiation for the c modes, and
for the d modes, where
where we used Eq.(42). We can see that the inverse temperature in each case decreases as tf − /R + increases, hence the temperature of the radiation increases over time.
Comparing Figures 5 and 4 we see that for later times the occupation number is greater for the c modes as opposed to the d modes. The occupation number of the d modes still grows as time increases, however, it is subdominant to the occupation number of the c modes. This is expected, since we are assuming the domain wall has a Similarly, comparing Figures 7 and 6 we see that as time increased, the occupation number per frequency is greater for the c modes. Again, the occupation per frequency for the d modes increases as time increases, but it is subdominant to that of the c modes. Again this is expected due to the Coulomb repulsion.
Extremal Case
Here we will analyze the induced radiation in the extremal case. In the extremal case, Eq.(6) becomes
It was shown in Ref. [3] that the time dependence of f in the extremal limit is given by f ≈ (Q 2 /(t + Q 2 )) 2 at late times.
In Figures 10 and 11 we plot ln(1 + 1/N ) versusωR H for various fixed values of t/R H for c modes and d modes, respectively. Here we compare the inverse temperature versus that in Figure 9 . Similarly to the non-extremal case, here we see that the inverse temperature decreases as t/R H increases. Now from Eq.(25), since the time derivative of the wavefunction on the right-hand side is with respect to η, ω is the mode frequency with respect to η and not with respect to time t. Eq.(26) tells us that the frequency in t is (Q 2 /(t + Q 2 )) 2 times the frequency in η, and at time t f , this implies
where the superscript (t) on ω refers to the fact that this frequency is with respect to t. This rescaling of the frequency implies that the temperature for the asymptotic observer (with time coordinate t) can be obtained by finding the "best fit temperature" β −1 and then rescaling by (Q 2 /(t + Q 2 )) 2 . So the temperature seen by the asymptotic observer is
We can fit the thermal spectrum as shown in Figures  10 and 11 to obtain the temperature of radiation. Here we see that the inverse temperature increases as t/R H increase, meaning that the temperature decreases over time. Hence the temperature of the extremal black hole decreases as t/R H increases. Once the shell crosses the horizon, the temperature will go to zero. This is consistent with the fact that the temperature is given by Eq.(79).
IV. CONCLUSION
Here we consider the induced radiation from a collapsing Reisner-Nordström domain wall using a semiclassical analysis. To do so we calculate the occupation of the induced radiation, N (t,ω). The occupation number strongly depends on time, due to the fact that one measures the time dependent frequency,ω. The time dependence of the frequency depends on the observer's time, therefore one has the freedom to chose a particular observer for the analysis. In this paper we have chosen to investigate the induced radiation from the view point of an asymptotic observer, an observer located at infinity.
First we considered the case when a neutral scalar field is coupled to the background of the collapsing domain wall. In this case there is no qualitative difference from that of the uncharged (Schwarzschild) case. This is expected since uncharged matter does not couple to the charge of the domain wall, hence as far as the scalar field is concerned the background metric is just Schwarzschild. There are, of course, minor quantitative differences between the two cases, since the background metrics are different. However, these differences are not important here, since they do not shed light on the impact of the charge of the domain wall on the induced radiation. Comparing with the results of Ref. [6] , we see that the results of the scalar field here are consistent with the results found here.
To take the charge into account, we coupled a complex scalar field to the background of the Reisner-Nordström domain wall. Here we considered two different cases, first the non-extremal case and second the extremal case, respectively. First we will discuss the non-extremal case.
In the non-extremal case, we find that as time increases the occupation number for charges with the same sign as the domain wall (here represented by the c modes) become dominant over that of the charges with sign opposite to that of the domain wall (represented here by the d modes). This is an expected result due to the Coulomb repulsion, the like charges will be repelled by the wall causing a greater flux of these charges seen by the asymptotic observer, while the opposite charges will be attracted to the domain wall causing a smaller flux. By fitting the temperature, we find that the temperature of the induced radiation is on the same order as that of the Hawking radiation for late times.
In the extremal case, we find that there is radiation induced due to the collapse of the domain wall, due to the time-dependent nature of the metric. Unlike the nonextremal case, the temperature of the radiation decreases as t/R H increases. This is in agreement with Eq.(79), where the black hole can obtain absolute zero.
Here we demonstrated that as time increases, or as the domain wall approaches the horizon, the occupation number of the modes which carry charge with the same sign as to the domain wall become dominant over that of the occupation of the modes which carry charge with opposite sign to that of the domain wall. As discussed, this is expected due to the Coulomb repulsion (attraction) due to the charges. Therefore, when the domain wall gets very close to the horizon, the flux of radiation measured by the asymptotic observer will be completely dominated by radiation with the same sign as that of the domain wall. The radiation distribution function is not quite thermal, though it becomes thermal when the collapsing object reaches its own horizon. We call such radiation Hawking-like or pre-Hawking radiation (as opposed to thermal Hawking radiation from a pre-existing horizon). However, once the horizon is formed the Hawking effect takes over and the radiation is completely thermal.
In the range t f < t, ω is a constant. However, the solution for ρ is not a constant, unlike in the range t < 0, since the constant solution 1/ ω(t f ) does not necessarily match up with ρ(t f −) to ensure a continuous solution. Yet it is easy to check that in this regionṄ = 0 and so there is no change in the occupation numbers. So we need only find N (t f −,ω) to determine N (t → ∞,ω).
APPENDIX B: NUMBER OF PARTICLES RADIATED AS A FUNCTION OF TIME, FOR SCALAR FIELD
We use the simple harmonic oscillator basis states but at a frequencyω to keep track of the different ω's in the calculation. To evaluate the occupation numbers at time t > t f , we need only setω = ω(t f ). So 
Therefore
H n (0).
Since H n (0) = (−1)
and H n (0) = 0 for odd n, we find the coefficients c n for even values of n, c n = (−1) n/2 e iα (ωρ 2 ) 1/4
For odd n, c n = 0. Next we find the number of particles produced. Let 
Inserting the expressions for χ and P , leads to
APPENDIX C: NUMBER OF PARTICLES RADIATED AS A FUNCTION OF TIME, FOR COMPLEX SCALAR FIELD
To find I n consider the corresponding integral over the generating function for the Hermite polynomials J(z) = dξe 
e qQyη/m (n − 1)!! √ n! .
(C9) For odd n, c n = 0.
Next we find the number of particles produced. Let 
